Melanin in the epidermis determines the wide variation in skin color associated with ethnic skin diversity. Ethnic differences exist regarding melanosome loss in keratinocytes, but the mechanisms underlying these differences, and their contribution to the regulation of skin color, remain unclear. Here, we explored the involvement of autophagy in determining skin color by regulating melanosome degradation in keratinocytes. Keratinocytes derived from Caucasian skin exhibit higher autophagic activity than those derived from African American (AA) skin. Furthermore, along with the higher autophagy activity in Caucasian skin-derived keratinocytes compared with AA skin-derived keratinocytes, Caucasian skin-derived keratinocytes were more sensitive to melanosome treatment as shown by their enhanced autophagic activity, which may reflect the substantial mechanisms in the human epidermis owing to the limitations of the models. Melanosome accumulation in keratinocytes was accelerated by treatment with lysosomal inhibitors or with small interfering RNAs specific for autophagy-related proteins, which are essential for autophagy. Furthermore, consistent with the alterations in skin appearance, the melanin levels in human skin cultured ex vivo and in human skin substitutes in vitro were substantially diminished by activators of autophagy and enhanced by the inhibitors. Taken together, our data reveal that autophagy has a pivotal role in skin color determination by regulating melanosome degradation in keratinocytes, and thereby contributes to the ethnic diversity of skin color.
INTRODUCTION
Epidermal melanin is important to the regulation of skin color, and determines the wide variations in skin color associated with ethnic diversity (Quevedo and Holstein, 2006) . Melanocytes, the cells in charge of melanin biosynthesis, contain melanosomes, a distinct class of lysosome-related organelles derived from the endosomal compartment. In melanosomes, melanins are synthesized via a catalytic pathway that uses tyrosine as a substrate . Similar to lysosomes, melanosomes receive proteins primarily via sorting from the trans-Golgi network; melanosomes share other features with lysosomes, such as a low internal pH (Orlow, 1995) . However, melanosomes contain a distinct set of melanin-synthesizing enzymes and related structural proteins involved in melanogenesis, including tyrosinase, DOPAchrome tautomerase, and Pmel17 (GP100) (Marks and Seabra, 2001) . After the maturation of pigmented melanosomes, which are regulated by various membrane-trafficking factors such as Rab family members, they are translocated through the dendrites (Scott, 2006) and transferred to neighboring keratinocytes (Byers, 2006) over the course of skin-color development.
Notwithstanding the great diversity in skin color among ethnic groups, the mechanisms of melanogenesis are considered to be comparable across all human populations. The differing degrees of melanogenesis observed among ethnic groups have been generally attributed to differences in tyrosinase activity. Tyrosinase, the rate-limiting enzyme required for melanin synthesis, is quantitatively more active in melanocytes derived from darker skin than in melanocytes derived from lighter skin (Pomerants and Ances, 1975; Iwata et al., 1990; Iozumi et al., 1993; Maeda et al., 1997) .
After biogenesis in melanocytes, melanosomes are transferred to keratinocytes. Melanosomes are more abundantly transferred from melanocytes to keratinocytes in African American (AA) skin than in Caucasian skin (Montagna et al., 1991) . The phagocytic activity of keratinocytes may also give rise to skin-color variations . Protease-activated receptor-2, a seven-transmembrane G-protein-coupled receptor, regulates phagocytic activity in keratinocytes and is expressed at higher levels in darker skin (Babiarz-Magee et al., 2004) .
As keratinocytes are the final destination of melanosomes, although there is some homotypic transfer among individual keratinocytes (Singh et al., 2010) , the total amount of melanosomes in keratinocytes has a considerable impact on skin color. If melanosomes (and melanin) are degraded in keratinocytes, this process could represent another factor determining skin color, along with the rates of formation in melanocytes and transfer from melanocytes to keratinocytes. Indeed, a recent study reported differences in the speed of melanosome loss among keratinocytes derived from skin from donors of different ethnic backgrounds (Ebanks et al., 2011) . However, the mechanisms underlying this loss (i.e., degradation vs. secretion) and its contribution to skin-color regulation have not been addressed.
To further elucidate the mechanisms of skin-color determination, we focused on autophagy in keratinocytes. Autophagy is an intracellular process whereby the cytosol and organelles are sequestered within double-membrane-bound structures, called autophagosomes, which subsequently deliver their contents to lysosomes/vacuoles for degradation (Seglen and Bohley, 1992; Levine and Klionsky, 2004; Yoshimori, 2004; Mizushima, 2007) . As autophagy targets organelles such as mitochondria, peroxisomes, and the endoplasmic reticulum, it would be reasonable to hypothesize that melanosome degradation in epidermal keratinocytes would be mediated by autophagy. Such degradation would have a substantial role in the development of cutaneous color. In this study, we report that autophagy greatly contributes to the determination of skin color by regulating melanosome degradation in keratinocytes, and that variations in this process between ethnic groups are associated with variations in ethnic skin color.
RESULTS
Melanosomes are degraded in lysosomes in normal human epidermal keratinocytes First, we investigated whether melanosomes could be degraded in the lysosome-related machineries in epidermal keratinocytes. Normal human epidermal keratinocytes (NHEKs) were incubated with melanosomes isolated from MNT-1 melanoma cells in the presence or absence of the lysosome inhibitors E-64-D and pepstatin A. After the confirmation of the cellular melanin content correlated well with the expression of the melanosomal protein, PMEL17, westernblotting analysis with a specific antibody for PMEL17 revealed that lysosome inhibitors enhanced the accumulation of melanosomes in NHEKs ( Figure 1a ) and increased cellular melanin content (data not shown) in a dose-dependent manner, suggesting the substantial involvement of lysosomal activity in melanosome degradation in epidermal keratinocytes. A previous study had shown that incorporated melanosomes accumulate around the nucleus within 24 hours after initial phagocytosis (Ando et al., 2010) , leading us to investigate whether lysosome inhibition could influence this early stage. Western-blotting analysis with the antibody to PMEL17 confirmed that the lysosomal degradation of melanosomes did not influence the early phase of incorporation, i.e., the phagocytic or endocytic processes (Figure 1b and c) .
Furthermore, we observed a significant decrease in the accumulation of incorporated melanosomes in NHEKs derived from Caucasian skin compared with NHEKs derived from AA skin. This decrease was evident from the assessments of cellular melanin content (Figure 1d ) and from the relative expression levels of PMEL17 (Figure 1e ), although we observed no difference in the amount of melanosome isolated melanosomes. Cells were collected for western-blotting analysis using a PMEL17-specific antibody. b-Actin was used as a loading control. (b) NHEKs treated as described above were collected at the indicated time points for western-blotting analysis using the PMEL17 antibody. (c) Relative intensity of each band was assessed after normalization against that of b-actin. Values represent mean þ SD from three independent experiments. (d) NHEKs were cultured with or without isolated melanosomes, followed by washing with phosphate-buffered saline and subsequent incubation. After incubation for 24 hours, cells were subjected to the measurement of melanin content. Values represent mean þ SD from four samples. ***Po0.001 (t-test). (e) NHEKs treated as described above were collected for western-blotting analysis using the PMEL17 antibody. b-Actin was used as a loading control. (f) NHEKs were incubated with isolated melanosomes for the indicated hours and collected for western-blotting analysis using the PMEL17 antibody. Relative intensity of each band was assessed after normalization against that of b-actin. Values represent mean þ SD from three independent experiments. AA, African American.
incorporation between them (Figure 1f) . Therefore, the ability of keratinocytes to degrade melanosomes differs between the two ethnic groups studied, explaining previous observations that melanosomes are lost at different rates in keratinocytes from these groups (Ebanks et al., 2011) .
Autophagy significantly contributes to melanosome degradation in keratinocytes but not in melanocytes
After observing lysosome-dependent melanosomal degradation in NHEKs, we evaluated the role of autophagy, which governs protein degradation via the lysosome-related machinery. We performed small interfering RNA (siRNA)-driven knockdown of autophagic factors in NHEKs just before incubating them with isolated melanosomes, and analyzed their subsequent accumulation. Suppression of autophagyrelated protein 7 (ATG7) expression by a specific siRNA remarkably increased the level of PMEL17, accompanied by a decrease of the amount of LC3-II protein, a marker of autophagosomes, verifying the role of autophagy in melanosome degradation in NHEKs (Figure 2a ). Similar findings on the accumulation of PMEL17 protein were also obtained by knockdowns of ATG13 or UVRAG expressions (Figure 2b NHEKs were transfected with ATG7-, ATG13-, or UVRAG-specific, or non-specific, small interfering RNAs (siRNAs). Forty-eight hours after the transfection, melanosomes were added to the cells, followed by incubation for 24 hours. After washing with phosphate-buffered saline, cells were incubated for an additional 24 hours, and then collected for western-blotting analysis using ATG7-, LC3-, p62-, or PMEL17-specific antibodies. b-Actin was used as a loading control. (c) NHEKs were transfected with ATG7-specific or non-specific siRNAs. Twenty-four hours after the transfection, NHEKs were cultured with normal human epidermal melanocytes (NHEMs) for 7 days and then collected for the quantification of cellular melanin content. Values represent means from two samples. (d) NHEKs were cocultured with NHEMs for 2 days and were subjected to immunofluoresence staining with an anti-LC3 antibody (green) and an anti-PMEL17 antibody (red). Merged image with nuclear staining (4 0 6-diamidino-2-phenylindole) is shown. The colocalization of LC3 with PMEL17 is observed as a yellow dot. Bar ¼ 10 mm. (e) NHEMs were transfected with ATG7-specific or non-specific siRNAs. Seven days after the transfection, cells were collected for the quantification of cellular melanin content. Values represent mean þ SD from three samples. **Po0.01 (analysis of variance, Scheffe test). (f) NHEMs were transfected with ATG7-specific or non-specific siRNAs. Forty-eight hours after the transfection, cells were collected for western-blotting analysis using ATG7-, PMEL17-, or LC3-specific antibodies. b-Actin was used as a loading control. AA, African American.
along with a substantial accumulation of p62, an autophagy substrate. In addition to this model using the isolated melanosomes derived from a melanoma cell line, the virtual accumulation of PMEL17 protein was also observed in ATG7-depleted NHEKs cocultured with normal human epidermal melanocytes (NHEMs) (Figure 2c ). Consistent with this, incorporated melanosomes were labeled with LC3 when Caucasian skin-derived NHEKs were cocultured with NHEMs ( Figure 2d ), suggesting sequestration of melanosomes by autophagosomes. As shown in the magnified image (the inset in Figure 2d ), some LC3 proteins were clearly observed to be merged with PMEL17 proteins to confirm their colocalizations observed in yellow.
In contrast, in NHEMs transfected with an ATG7-specific siRNA, the cellular melanin content was reduced in both Caucasian and AA skin-derived NHEMs as was the level of PMEL17 protein in spite of their considerably suppressed autophagic activities (Figure 2e and f).
Activity of autophagy in Caucasian keratinocytes is higher than that in AA keratinocytes
Subsequently, we compared the autophagic activities of the NHEKs from each ethnic group using an autophagic flux assay in which the degradation of both LC3-II and p62, a known substrate of autophagy in the autolysosome, can be estimated in the presence and absence of an autophagic inhibitor such as hydroxychloroquine (HCQ). Essentially, upon inhibition of autolysosome function, the reduction in autophagic activity is reflected by the accumulation of LC3-II and p62. If the levels of these proteins increase after lysosome inhibitor treatment, the occurrence of autophagic turnover can be inferred (Mizushima and Yoshimori, 2007) . Western-blotting analysis with the quantitative assessment suggested that Caucasian skin-derived NHEKs showed the significantly higher autophagic activity compared with AA skin-derived NHEKs (Figure 3) . Moreover, the addition of melanosomes induced autophagy, as determined by the increase in LC3-II and by the decrease in COX-IV, a marker of autophagy (Klionsky et al., 2008) , in Caucasian skin-derived NHEKs but not in AA skin-derived NHEKs (Figure 4 ).
Autophagy has an essential role in the determination of skin color
After the comparison of the autophagic activities between Caucasian skin-and AA skin-derived NHEKs, we investigated the impact of autophagic degradation of melanosomes in keratinocytes on the determination of skin color. To address this issue, we treated 3D-HSSs (three-dimensional human skin substitutes, a reconstituted epidermis model containing NHEKs and NHEMs) in vitro and human skin cultured ex vivo with autophagy activators, verapamil and rapamycin, or with an autophagic inhibitor, HCQ. When 3D-HSSs were treated with autophagic activators, the total melanin content was reduced (Figure 5a ). This was accompanied by the suppression of p62 protein, which is digested by autophagic activity, and by the induction of LC3-II protein, which is induced by the activation of autophagy (Figure 5b) , consistent with the similar effect in verapamil-treated NHEKs (Figure 5c ).
In contrast to the results from the autophagy inducers, HCQ darkened 3D-HSSs (Figure 5d ) by inhibiting autophagic activity as assessed by the substantial increase in p62 and LC3-II (Figure 5e ). Ultimately, treatment of tissue-cultured human skin with autophagic inducers significantly lightened skin color, whereas the autophagic inhibitor significantly darkened the skin color (Figure 6a and b) , consistent with the fluctuations in melanin content demonstrated by the Fontana-Masson staining (Figure 6c ) and by the measurement of the skin color (Figure 6d ). Fontana-Masson staining in the control skin clearly and consistently demonstrated that most of the melanin deposit in basal keratinocytes and some melanosomes are also maintained in suprabasal and granular keratinocytes. A quantitative analysis of Fontana-Masson staining revealed a significant decrease in melanosome contents throughout the epidermis, efficiently in the basal layer, upon treatment with autophagic inducers; a corresponding significant increase was observed upon treatment with the autophagic inhibitor. Accordingly, autophagic activation or suppression in the tissue was also confirmed by measuring the levels of LC3-II and p62 (Figure 6e) . Together, these results reveal that autophagy has a pivotal role in determining skin Table 1 .
DISCUSSION
It has been known for some time that melanosomes, which are produced within melanocytes and then transferred to neighboring keratinocytes, have a vital role in determining skin color. Although the whole mechanism underlying melanosome transfer has not been fully understood, three possible mechanisms of melanosome transfer have been addressed: (1) direct inoculation of melanosomes into keratinocytes via keratinocyte-melanocyte membrane fusions through filopodia, (2) release of individual melanosomes from melanocytes followed by their uptake by keratinocytes via phagocytosis, and (3) partial cytophagocytosis of melanocyte dendrite containing melanosomes by adjacent keratinocytes (Seiberg et al., 2000; Marks and Seabra, 2001; Scott et al., 2002; Virador et al., 2002; Zhang et al., 2004; Singh et al., 2008; Singh et al., 2010) . In addition, a newly indentified mechanism of melanosome transfer was found to involve the release of melanosome-containing globules from the filopodia in multiple sites in the dendrites of normal human melanocytes, followed by the uptake by keratinocytes (Ando et al., 2012) , providing further complexity in the mechanisms of melanosome transfer. Compared with melanosome transfer, however, little was previously known about the destiny of melanosomes after their incorporation into epidermal keratinocytes, or the contribution that this fate might make to the determination of the skin color. In the present study, we report that variations in autophagy are associated with ethnic alteration in skin color, via the regulation of melanosome degradation in epidermal keratinocytes. According to a current model, melanosome has an essential role in the protection of epidermal cells from sun exposure by forming a melanin cap, which shields the nucleus of After treatment with 1 mM rapamycin for 6 days, cells were subjected to westernblotting analysis using p62-or LC3-specific antibodies. b-Actin was used as a loading control. (c) Normal human epidermal keratinocytess were cultured with or without 10 mM verapamil for 48 hours, followed by western-blotting analysis using LC3-or p62-specific antibodies. b-Actin was used as a loading control. (d) Photograph of three-dimensional HSSs treated with 10 mM hydroxychloroquine (HCQ), in the presence of 2.5 nM stem cell factor and endothelin-1 for 14 days. (e) After the treatment with 10 mM HCQ for 6 days, HSSs were subjected to western-blotting analysis using p62-or LC3-specific antibodies. b-Actin was used as a loading control.
keratinocytes (Park et al., 2009) . Thus, despite the cytotoxic features of melanin or its precursors (Graham et al., 1978) , melanosomes are beneficial to cells. Individuals whose ancestors resided more recently in lower-latitude areas tend to have darker skin color, whereas individuals whose ancestors resided more recently in higher-latitude areas tend to have relatively lighter skin color (Jablonski and Chaplin, 2000; Diamond, 2005) . At higher latitudes, the toxicity of melanosomes may be a more important consideration than their photoprotective function; from this perspective, populations living in higher latitudes may no longer need to retain melanosomes. This may explain why basal autophagic activity is higher, and is induced to a greater extent by treatment with melanosomes, in Caucasian skin-derived keratinocytes compared with AA skin-derived keratinocytes. As autophagy is known to selectively target harmful materials emerging in the cytoplasm including damaged mitochondria, pathogens, and aggregate prone proteins, it is reasonable to hypothesize that autophagy eliminates melanosomes to protect cells from their toxicity. Questions remain regarding how autophagic degradation of melanosomes is suppressed in melanocytes and AA skin-derived keratinocytes. It will also be important to investigate the mechanisms underlying how and when the melanosome degradation system is promoted or suppressed in the course of skin-color determination, or in the context of skin-color alterations that occur because of pigmentation disorders or pigmentation changes that result from UV or chemical exposure. (e) Tissues collected on day 6 were also used for western-blotting analysis using LC3-or p62-specific antibodies. b-Actin was used as a loading control.
In contrast to the role of autophagy in keratinocytes, siRNAdriven gene knockdown of ATG7 suppressed cellular melanin content in melanocytes, supporting the idea that the autophagic machinery is involved in melanosome maturation as previously reported elsewhere (Ganesan et al., 2008) , apart from other contributions to the melanosome degradation and to the transcription of melanogenic enzymes, such as tyrosinase, in melanocytes (Ho et al., 2011) . Despite the pleiotropic role of autophagy in melanosome turnover (i.e., formation vs. destruction) in melanocytes, our results on the skin model and in tissue culture clearly demonstrate that degradation of melanosomes in epidermal keratinocytes rather than their biosyntheses in melanocytes is the primary autophagy-related determinant of skin-color changes. It would be very likely that differentiated keratinocytes particularly degrade the extrinsic melanosomes according to a sort of the basic autophagy functions that control the amount of cellular organelles or remove the defective organelles, such as peroxisome (Till et al., 2012) . As autophagosomes were reported to accumulate in the cells obtained from the patients with HPS-1, a disorder of melanosome biogenesis, suggesting that their presence is essential to remove the defective melanosomes (Smith et al., 2005) , autophagy also probably has a role in the selective removal of the defective melanosomes in melanocytes.
In conclusion, our data reveal that the autophagic pathway, from cytoplasm to lysosomes, has a substantial role in the degradation of melanosomes in human epidermal keratinocytes. Given that the experimental models are limited and that the source of melanosomes in our study is malignant melanoma cells, which are known to package melanosomes in autophagosomes (Lazova et al., 2010) , our findings suggest that similar mechanisms may function in human epidermis. Variations in this process are associated with differences in skin color between two ethnic groups. Our findings provide insights into the mechanisms underlying the diversity in human skin pigmentation. Furthermore, they provide a basis for an efficient strategy for treating skin pigmentation disorders and for developing useful technologies for controlling skin color, as well as a basis for the development of technologies in cosmetology. Considering that it takes about 4 weeks for epidermal melanosome turnover in the course of desquamation, it would seem to be more efficient and beneficial to rapidly lighten or darken the skin by influencing the autophagic machinery, focusing on existing melanosomes in keratinocytes rather than targeting melanin synthesis or transfer.
MATERIALS AND METHODS

Materials
NHEKs and NHEMs were purchased from Kurabo (Osaka, Japan). MNT-1 melanoma cells were kindly provided by Dr PierGiorgio Natali (Regina Elena Institute, Rome, Italy). Human neonatal foreskins or surgical adult skins derived from either Caucasian, AA, or Hispanic donors were provided by the National Disease Research Interchange (Philadelphia, PA). 3D-HSSs (MEL-300A or MEL-300B) were purchased from MatTek (Ashland, MA). Anti-b-actin-specific antibody was supplied by Sigma-Aldrich (St Louis, MO). Human PMEL17-specific antibody (clone HMB-45) was acquired from DAKO (Carpinteria, CA). Antibodies against human proteins were acquired from the following sources: anti-ATG7, Epitomics (Burlingame, CA); anti-ATG13 and anti-p62, MBL International (Woburn, MA); anti-LC3, Life Technologies (Carlsbad, CA), MBL International, or Cosmo Bio (Tokyo, Japan); and anti-COX-IV, Abcam plc. (Cambridge, MA). Specific siRNAs directed against ATG7 or ATG13 and the control siRNA were provided by Life Technologies. Other chemicals were of reagent grade.
Cell culture
NHEKs and NHEMs were isolated from human neonatal foreskins with modifications as described previously (Yoshida et al., 2007) . NHEKs were preliminarily incubated either in EpiLife medium (Kurabo) supplemented with 10 mg ml À 1 insulin, 0.1 mg ml À 1 human recombinant epidermal growth factor, 0.5 mg ml À 1 hydrocortisone, 50 mg ml À 1 gentamycin, 50 ng ml À 1 amphotericin B, and 0.4% (v/v) bovine pituitary extract (BPE) or in supplemented-PCT epidermal keratinocyte medium, low BPE (CnT-57; CELLnTEC Advanced Cell Systems, Bern, Switzerland), containing 50 mg ml À 1 gentamycin, 50 ng ml À 1 amphotericin B, and 6 mg ml À 1 BPE at 37 1C
in an atmosphere of 5% (v/v) CO 2 . NHEMs were maintained in Medium 254 (Kurabo) supplemented with 5 mg ml À 1 insulin, 5 mg ml À 1 transferrin, 3 ng ml À 1 human recombinant fibroblast growth factor, 0.18 mg ml À 1 hydrocortisone, 3 mg ml À 1 heparin, 10 ng ml À 1 phorbol 12-myristate 13-acetate, 0.2% (v/v) BPE, and 0.5% (v/v) fetal bovine serum at 37 1C with 5% CO 2 , as previously described (Yada et al., 1991) . Alternatively, NHEMs were cultured with DermaLife M Melanocyte Culture Medium (Lifeline Cell Technology, Walkersville, MD) supplemented with 6 mM L-glutamine, 0.2 mM CaCl 2 , 1.0 mM epinephrine, 1.0% (v/v) StiMel8, 5 mg ml À 1 human recombinant insulin, 50 mg ml À 1 ascorbic acid, 50 mg ml À 1 gentamycin, and 50 ng ml 1.0 Â 10 5 cells per well and then incubated for 24 hours, followed by incubation in medium without BPE and human recombinant epidermal growth factor. Following another 24-hour incubation, cells were treated with indicated reagents or with melanosomes isolated from MNT-1 melanoma cells (Ando et al., 2010) , and subsequently incubated according to the indicated experimental design. In the coculture experiment, NHEKs and NHEMs were seeded in a four-well culture slide precoated with Coating Matrix Kit (Life Technologies) at a density of 0.5 Â 10 5 cells per well and 0.1 Â 10 5 cells per well, respectively, in a culture medium mixed with supplemented-PCT epidermal keratinocyte medium and supplemented-DermaLife M Melanocyte Culture Medium in a 3:1 ratio. After incubation for 48 hours, cells were washed with phosphate-buffered saline (PBS) and subjected to immunofluorescence analysis as described below.
Human skin
Full-thickness breast skin from a healthy 37-year-old AA female undergoing breast reduction (University Pointe, Cincinnati, OH) was used for the tissue culture. The study was conducted according to the Declaration of Helsinki Principles. Collection of the specimen was approved by the Institutional Review Board of the Cincinnati Children's Hospital Medical Center, and written, informed consent was obtained from the volunteer before the procedure.
siRNA transfection
NHEKs were transfected with either 10 nM siRNA against ATG7, ATG13, and UVRAG, or with the same concentration of a control siRNA, using HiPerfect Transfection Reagent (Qiagen, Valencia, CA).
Melanosome incorporation into NHEKs
NHEKs were incubated with the melanosome fraction isolated from MNT-1 cells as described above. Twenty-four hours after the treatment, non-incorporated melanosomes were removed by washing three times with PBS, followed by subsequent incubation for an additional 24 hours. Cells were collected either for melanin quantification or for western-blotting analysis as described below.
Western-blotting analysis
After the cells, 3D-HSSs and human skin tissues were treated with 10 mM or 20 mM verapamil (EMD Biosciences, San Diego, CA), 1 mM rapamycin (EMD Biosciences), 10 mM HCQ (EMD Biosciences), 10 mg ml À 1 E-64-D and pepstatin A (EMD Bioscience), or 10 nM siRNA specific for ATG7, ATG13, or UVRAG together with HiPerFect Transfection Reagent (Qiagen); samples were then washed with PBS, solubilized in 0.1 ml RIPA buffer (Sigma-Aldrich) supplemented with a protease inhibitor cocktail (Roche, Rotkreuz, Switzerland), and homogenized using ultrasonication. The resulting supernatants were collected as whole-cell lysates, and their protein concentrations were determined using the BCA protein assay reagent (Pierce Biotechnology, Rockford, IL). The whole-cell lysates were separated using 7.5, 10, or 12.5% SDS-PAGE, and then transferred to Sequi-Blot polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA). Membranes were incubated with primary antibodies specific for ATG7 (Epitomics, 1:2,000 dilution), ATG13 (MBL, 1:2,000 dilution), p62 (MBL, 1:2,000 dilution), LC3 (Cosmo Bio, 1:2,000 dilution or MBL, 1:2,000 dilution), or COX-IV (Abcam plc., 1:2,000 dilution). The blots were subsequently washed and incubated with the appropriate secondary antibodies (anti-mouse IgG peroxidaselinked F[ab']2 fragment, GE Healthcare UK, Buckinghamshire, UK (1:5,000 dilution) or anti-rabbit lgG peroxidase-linked F[ab']2 fragment, GE Healthcare UK (1:5,000 dilution)). Immunoreactive protein bands were visualized with enhanced chemiluminescence westernblotting detection reagents (GE Healthcare UK) and quantified using an ODYSSEY Fc Imaging system (LICOR, Lincoln, NE). The amounts of protein loaded were normalized against a control protein, b-actin, using a mAb specific for b-actin (Sigma-Aldrich; 1:5,000 dilution) as an internal standard.
Immunofluorescence microscopic analysis
Cocultured NHEKs and NHEMs in the four-well culture slide were fixed with 4% paraformaldehyde in PBS for 15 minutes, and then permeabilized with 0.1% Triton X-100 in PBS for 10 minutes. The cells were incubated in PBS containing 3% BSA, followed by treatment with rabbit anti-LC3 antibody (Life Technologies; 1:500 dilution) and mouse anti-PMEL17 antibody (DAKO; 1:500 dilution). Cells were then incubated with Alexa Fluor 488 Goat Anti-Rabbit IgG (H þ L), highly cross-adsorbed, and Alexa Fluor 594 Goat Anti-Mouse IgG (H þ L), highly cross-adsorbed (both from Life Technologies; 1:500 dilution). The culture slide was mounted in ProLong Gold Antifade Reagent with 4 0 6-diamidino-2-phenylindole (Life Technologies), and images were obtained with a Leica DM5500B digital microscope (Leica Microsystems, Bannockburn, IL).
Measurement of melanin contents in 3D-HSSs, and in melanosome-incorporated NHEKs and NHEMs
To investigate the effects of autophagy regulators on melanin synthesis and deposition, 3D-HSSs maintained in EPI-100NMM-113 medium (MatTek), as well as NHEMs and NHEKs incubated with isolated melanosomes, were incubated with 10 mM or 20 mM verapamil, 1 mM rapamycin, or 10 mM HCQ for 14, 3, and 2 days, respectively. Media were changed every other day. Photos of 3D-HSSs were taken when cells were collected at the indicated times. Cells were washed three times with PBS. For 3D-HSSs in particular, samples were subsequently washed with 5% (v/v) trichloroacetic acid and diethyl ether mixed with three volumes of ethanol. Next, they were washed once with diethyl ether and incubated at 50 1C for 2 hours until dry. After solubilization in 200 ml Solvable (PerkinElmer, Waltham, MA) or in 2 M NaOH, melanin contents were measured using an absorbance meter (Microplate Reader Model 550; Bio-Rad Laboratories) at 405 nm.
Fontana-Masson staining
The tissue-cultured human skins were fixed with 10% buffered formalin, and then embedded in paraffin. Melanin pigment was visualized using Fontana-Masson staining with an eosin counterstain as described previously (Hachiya et al., 2005) . The areas positive for melanin relative to the total epidermal areas were quantified by an image analysis software, Image-Pro Plus (Media Cybernetics, Rockville, MD), and were statistically analyzed as previously reported (Tadokoro et al., 2005) .
Measurement of skin color
The intensities of pigmentation in human skin tissues were measured by a colorimeter (cyberDERM, Broomall, PA) 8 days after the treatment and were expressed as the L* values.
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